The supercritical antisolvent process was used successfully to prepare nanoparticles of cefquinome. These particles were observed by scanning electron microscope (SEM) and their average diameter was measured by laser particle size analyzer. In the experiments, dimethyl sulfoxide (DMSO) was selected as solvent to dissolve cefquinome sulfate. It was confirmed by orthogonal experiments that the concentration of solution was the primary factor in this process followed by feeding speed of solution, precipitation pressure, and precipitation temperature. Moreover, the optimal conditions of preparing nanoparticles of cefquinome by supercritical antisolvent process were that solution concentration was 100 mg/mL, solution flow speed was 1.5 mL/min, operating pressure was 13 Mpa, and operating temperature was 33 ∘ C. Confirmatory experiment was conducted under this condition. It was found that the appearance of particles was flakes and the average diameter of particles was 0.71 microns. Finally, influence law of individual factor on particle size was investigated by univariate analysis.
Introduction
Cefquinome, one of the fourth-generation animal dedicated cephalosporin antibiotics, was approved by the committee for medicinal products for veterinary use (CVMP) for respiratory tract infections, cows udder inflammation, respiratory disease of pigs, horses sepsis, and other serious infections caused by susceptible strains in swine CP and cattle [1, 2] . Cefquinome has many advantages, such as strong antibacterial activity, good pharmacokinetic characteristics, little toxicity, and low residual [3] . Compared with the secondand third-generation cephalosporins, cefquinome has better broad-spectrum antimicrobial activity, higher bioavailability, and more broad application prospects. However, the size of existing cefquinome particle is greater than 2 microns. The large particle size of cefquinome leads to slow absorption rate and low bioavailability by either topical or injectable applications [4] . According to Ostwald-Freundlich equation, when the particle size of drug is less than 1 micron, the solubility of the drug would increase greatly [5] , thereby increasing the rate of absorption and bioavailability. Therefore, it is urgent to study and prepare nanoscaled cefquinome particles. At present, the preparation technologies of ultrafine particles in pharmaceutical field include spray drying, emulsification [6] , the antisolvent method [7] , and supercritical fluid (SCF) method [8, 9] . Because of the advantages of low operating temperature, no solvent residue, and controllable particle size, supercritical fluid method attracted more and more attention of researchers worldwide. The processes of preparing nanodrug by supercritical fluid include two categories: rapid expansion of supercritical solution (RESS) and supercritical antisolvent (SAS) [10] [11] [12] . Because most drugs cannot be dissolved in the supercritical fluid, RESS process is restricted and SAS process has applied more and more in nanodrug preparations. SAS precipitation is an alternative to the liquid antisolvent precipitation and can effectively overcome the limitations of liquid antisolvent processing, with the complete elimination of the solvents [13] . Moreover, it is easier to control the particle size of cefquinome in SAS process, and the operating temperature is low, a little higher than room temperature. Many researchers have focused on the application of SAS on nanodrug productions [10, 14] . However, very few reported nanoscaled cefquinome with SAS process. In this study, we investigated the optimal conditions of preparing nanoparticles of cefquinome by SAS process and the influence law of individual factor on particle size by univariate analysis.
Materials and Methods

2.1.
Materials. Cefquinome, with mass fraction purity of 82% (calculated by cefquinome content), was purchased from Qilu Shenghua Pharmaceutical Co., Ltd. Carbon dioxide, with purity of 99%, was purchased from Jinan German Foreign Specialty Gases Co., Ltd. Dimethyl sulfoxide, with purity of analytical grade, was purchased from Tianjin Fuyu Fine Chemical Co., Ltd.
Equipment and Operating
Procedure. The flowchart of preparing nanoparticles by supercritical fluid process was shown in Figure 1 . In the process, the carbon dioxide from gas cylinder 1 was purified by purifier 3 and then was pressurized by high-pressure pump 6 to supercritical pressure slightly higher than the pressure required for the experiment after being cooled to 0-5 ∘ C liquid by cooling device 5. The processed carbon dioxide was added into high-pressure mixing vessel 9 through buffer tank 7. Both high-pressure mixing vessel 9 and buffer tank 7 were placed in an incubator. The temperature of carbon dioxide can be controlled to the temperature required for the experiment by adjusting the temperature of the incubator. After that, valve 10 was opened and supercritical carbon dioxide spray into crystallization vessel 15 through the nozzle. The pressure in crystallization vessel 15 was adjusted by adjusting valve 18. When the pressure reached predetermined pressure, the pure DMSO was added into solution tank 16 and was pumped by metering pump 17 into the nozzle and then sprayed from the nozzle. After several minutes, when the pressure was steady, the flow of the pure DMSO was stopped. The cefquinome/DMSO solution with certain concentration was added into solution tank 16 and was pumped by metering pump 17 into the nozzle at a given flow rate and then sprayed from the nozzle. After spraying out from the nozzle, the solution at high speed mixed sufficiently with supercritical carbon dioxide at high speed. Because of the antisolvent effect of supercritical carbon dioxide, the solute in the solution, cefquinome, precipitated rapidly. The solvent in the solution, DMSO, was carried out by carbon dioxide from valve 18. Because there was the sintered plate in crystallizer exit, the precipitated cefquinome particles gathered at the bottom of the crystallizer. After all of the solution in solution tank 16 was pumped into the nozzle, supercritical carbon dioxide continued to be pumped into the nozzle for sixty minutes so as to carry all remaining DMSO out of the crystallizer. Finally, valve 18 was opened slowly in order to decrease the pressure in crystallizer till the pressure was zero. Then the crystallizer was opened and the cefquinome particles were collected.
An orthogonal L 9 (3 4 ) test design was utilized to investigate the optimal operating condition of cefquinome micronization process. The level range of each factor was based on the results of preliminary experiments and related references [11, 15] . As shown in Table 1 , this experiment was fulfilled with four factors and three levels, namely, cefquinome concentration (100, 200, and 300 mg/mL), feeding speed (0.5, 1, and 1.5 mL/min), precipitation pressure (10, 13, and 16 MPa), and precipitation temperature (33, 38, and 43 ∘ C). The mean particle size (MPS) of prepared cefquinome (nm) acted as the dependent variable changing with each factor.
Surface Morphology Analysis.
The morphology of original cefquinome particles and micronized (nanoscaled) cefquinome particles was examined by SEM. The SEM was NOVA NANOSEM 450 type (American FEI Corporation). Cefquinome particles were stuck on the test bench with double-sided conductive tape and were sprayed gold. Then these particles were put in the SEM and observed at different magnifications.
2.4.
Particle Diameter Analysis. MPS and particle size distribution (PSD) of processed cefquinome were determined by laser particle size analyzer (BT-9300H). Before examination, a little amount of cefquinome particles was put into the beaker filled with approximately 80 mL ultrapure water. Then the suspension was stirred and dispersed in an ultrasonic disperser for 5 minutes. At the same time, background test was conducted in a clean sample cell filled with ultrapure water. The suspension 4∼6 mL was drawn by a special syringe from the central part of the suspension and was injected into the sample cell. Finally, test was conducted and the MPS of cefquinome particles were obtained.
Results and Discussion
Effect of Operating
Conditions on Average Diameter. The particle size was influenced by two possible mechanisms, evaporation of the solvent into the antisolvent phase and diffusion of the antisolvent into the droplets [16] . Concentration of solution, solution feeding speed, and density of supercritical CO 2 played an important role in mass transfer between organic solvents and CO 2 during particle formation. The density of supercritical CO 2 was dominated by pressure and temperature [14] . In SAS process, using the characteristics of higher solubility of organic solvents in SCF, the cefquinome/DMSO solution would expand suddenly when SCF as antisolvent was mixed with the solution. After expanding, the density of the solution became lighter, so that the solubility of cefquinome in DMSO decreased sharply. And almost at the same time the cefquinome became supersaturated in the solution and formed crystalline or amorphous particles [17] . The density of SCF and the saturation of the solution affect particle morphology, particle size, and particle size distribution greatly. The density of SCF was affected by pressure and temperature, and the saturation of the solution was influenced by the feeding speed of the solution and the concentration of the solution [18] . Therefore, concentration of solution, feeding speed, precipitation pressure, and precipitation temperature were chosen as the factors to study the process of preparing cefquinome nanoparticles by using SAS process. An orthogonal L 9 (3 4 ) test design was used in the experiment and the experiment results were analyzed by using Design Expert 8.0 software according to statistical methods. The average diameter was selected as evaluation indicator. The analyzing results were shown in Table 2 .
The bigger the range is, the more important the factor is. As shown in Table 2 , the range of different factors was sorted in descending order as follows: A > B > C > D. Consequently, the effect of concentration of solution on the process was the biggest, followed by the feeding speed of cefquinome solution, precipitation pressure, and precipitation temperature. The smallest particle average diameter obtained in this series of experiments was 0.72 m. But, according to test analyzing, this operating condition was not the best and the optimal operating condition should be A 1 B 3 C 2 D 1 that the concentration of solution was 100 mg/mL; the feeding speed was 1.5 mL/min; precipitation pressure was 13 Mpa and precipitation temperature was 33 ∘ C. Confirmatory test was conducted in the optimal operating condition and the average diameter of prepared cefquinome particle was 0.71 m.
Effect of Each
Factor on the Process. The relationship of each factor and the average diameter of cefquinome particles were shown in Figure 2 . The average diameter increased with the increase of concentration of the cefquinome. This factor had an important effect on the micronization of cefquinome. That is mainly because of the fact that, in SAS process, when precipitation occurred, crystal nuclei produced in low concentration solution were less than that in high concentration solution. Therefore, the crystal nuclei produced in low concentration solution grew slower than that in high concentration solution so that the average diameter of nanoparticles produced in low concentration solution was relatively small. Consequently, in the view of producing nanoparticle, the concentration of solution should be as low as possible. If the amount of drug treatment was taken into account, the concentration cannot be too low.
It can be concluded from Figure 2 that the average diameter decreased with increase of feeding speed. When the feeding speed increased, the solution can be mixed with supercritical carbon dioxide more sufficiently. And the solution expanded more rapidly so that the speed of cefquinome particle precipitation became larger. Consequently, the growing time of crystal nuclei became shorter and the produced = Σ(mean particle size at )/3, the mean values of mean particle size for a certain factor at each level with standard deviation.
particles were smaller. Therefore, in order to prepare smaller nanodrug by SAS process, the solution should be fed in relatively high speed.
With the increase of precipitation pressure, the average diameter decreased at first and then increased (Figure 2 ). This is mainly because the effect of precipitation pressure on the average diameter had a dual character. On one hand, the increase of precipitation pressure can lead to the increase of flow speed of supercritical carbon dioxide, and consequently growing time of crystal nuclei decreased. On the other hand, with the increase of precipitation pressure, the density of supercritical carbon dioxide increased, which led to concentrated precipitation of cefquinome from solution. In this case, crystal nuclei grew rapidly and agglomeration was more prone to appear.
From Figure 2 , we can also find that when precipitation temperature increased, the average diameter became greater at first and then decreased. The reason was that the effect of precipitation temperature on the average diameter was multifaceted. The change of precipitation temperature can lead to the alterations of solubility of cefquinome, the solubility of solvent in supercritical carbon dioxide, the agglomeration, and other factors. Therefore, the selection of precipitation temperature depended on several factors.
Appearance Analysis of Processed Cefquinome Parti-
cles. SEM micrograph of the original cefquinome particles was shown in Figure 3 . The appearance of these particles showed irregular blocks. The particle diameters ranged from 0.2 microns to 3 microns. SEM micrograph of processed cefquinome particles was shown in Figure 4 . It can be seen that these particles were flaky. These particle diameters ranged from 0.1 microns to 1.2 microns. These particles aggregated together and formed larger particles. When these aggregated particles were dispersed in superpure water by supersonic wave, they could separate, which had been verified by laser particle size analyzer. These operations would occur in pharmaceutical industry. Therefore, the agglomeration cannot influence the efficacy of cefquinome nanoparticles in practical application.
Conclusions
Nanoparticles of cefquinome were prepared for the first time by using SAS process. By orthogonal experiments, it was confirmed that the concentration of solution was the primary Journal of Nanomaterials factor in this process, followed by feeding speed of solution, precipitation pressure, and precipitation temperature. Meanwhile, the optimal operating conditions of preparing nanoparticles of cefquinome by supercritical antisolvent process were that solution concentration was 100 mg/mL, solution flow speed was 1.5 mL/min, operating pressure was 13 Mpa, and operating temperature was 33 ∘ C. Confirmatory experiment was conducted under this condition. The data showed that the appearance of particles was flakes and the average diameter of particles processed was 0.71 microns. Moreover, influence law of individual factor on particle size was investigated by univariate analysis. Results showed that the average diameter increased with increase of concentration of the solution but decreased with increase of feeding speed of the solution. The effect of both precipitation pressure and precipitation temperature on the average diameter was multifaceted. When these two factors increased, the average diameter could show extreme point. The process of preparing cefquinome nanoparticles by SAS method holds important implications for the efficacy enhancement of cefquinome and the development of pharmaceutical processes.
